The tensile strength of fused silica fibers is believed to approach its intrinsic value at low temperature, and modern experiments indicate very small, perhaps unmeasured, intrinsic dispersion in this strength. I consider the application of classical "weakest link" models to this problem in an attempt to determine the number and therefore the nature of the failure sites. If the skewness as well as the dispersion (Weibull modulus) of failure strengths are measured it may be possible to determine both the number of sites and the distribution of their strengths. Extant data are not sufficient, but I present calculated skewnesses for comparison with future data.
I INTRODUCTION
Fused silica optical fiber is one of very few materials whose tensile strength, measured at low temperature (77
• K), is believed to equal its theoretical limiting strength 1, 2 . Failure occurs at strains of about 0.2, extraordinarily large for a brittle material, but consistent with the idea that its strength is limited only by the strength of its constituent molecular bonds. In addition, it fails under accurately reproducible loads, which is very unusual for a brittle material. These properties may be explained by the absence, in properly prepared samples, of surface cracks which would concentrate stress.
The remarkable properties of glass fiber, if carefully manufactured and protected from abrasion by a soft coating, have been recognized for several decades 3, 4 . Most research has been concerned with the fracture of glass under tension at temperatures comparable to room temperature, at which it is subject to chemical attack by water vapor or liquid and shows static fatigue 5 . However, at temperatures around 77
• K activation barriers are believed to reduce the rate of chemical attack to a negligible level, and the ultimate material strength may be observed. at a given applied force) rather than intrinsic variation in the properties of the glass.
The distribution of failure stresses may contain useful information about the mechanism of failure. For example, brittle materials, including glass, with abraded or damaged surfaces have empirical tensile strengths far below their ideal strengths. They also have small Weibull moduli. These facts are the consequence of stress concentration at flaws 3 , usually surface scratches; the inevitable variation from sample to sample in the size and shape of these flaws produces variation in measured sample strength and gives a small Weibull modulus.
Even the best glass fibers should show some level of sample-to-sample variation. Because glass is amorphous its chemical bonds are each in a subtly different environment, and some should be weaker, or strained more by a macroscopic strain field, than others.
In addition, real silica glass is not perfectly pure SiO 2 (or Si x Ge 1−x O 2 in an optical fiber), but contains chemical impurities which may locally weaken it.
The purpose of this paper is to develop simple statistical models of the dependence of the distribution of failure strengths on the number of independent elements N whose weakest member initiates failure. If the distribution of material strength is measured, and the basic parameters of the model are known, it will then be possible to estimate N . The value of N constrains the nature of the sites at which failure is initiated: if N is comparable to the number of atoms in the sample these must be ordinary Si-O bonds; if N is of order the number of transition metal impurity atoms then these are implicated, while a small N (in the range 10-10 4 , for example) would implicate macroscopic flaws or heterogeneities, such as the surface scratches of inclusions which are responsible for the low strength and low Weibull modulus of ordinary glass. In the case of room-temperature failure, surface sites for chemical attack also need be considered.
Statistical "weakest link" theories of fracture are not new 18, 19 . What is new, since the foundations of this subject were laid, is the development of optical communications fiber as a mass produced material whose strength, at least at low temperature, approaches its ideal value because macroscopic samples may be completely free of stress-concentrating flaws of greater than atomic size. Hence its fracture statistics contain information about the microphysics of its ideal strength.
II DISPERSION OF FAILURE STRESS
In "weakest link" failure models a sample is assumed to consist of N sites, or links, each of which is described by a fracture readiness parameter α, which may be considered a stress concentration factor, or the reciprocal of a link's ideal strength. The values of α are distributed according to a distribution f (α), which is defined for α > 0 and normalized
The sample fails if the largest fracture readiness parameter found among the N sites, α max , exceeds a value α 0 . The probability that it does not fail is, to good approximation if N ≫ 1,
where
Unfortunately, we have no a priori knowledge of the functional form of f (α). I therefore consider several possible forms. The most useful way to parametrize the results is as the ratio of the width w of P (α) to the value α max at which P (α) is a maximum; in terms of the Weibull modulus
and the approximation is almost exact if w is defined as the dispersion of P (α)
and m ≫ 1.
A "boxcar distribution" is defined
Here α max = α b . The full width at half maximum of P (α) w ′ = α max ln 2/N and the fractional width is w
This distribution implies unmeasurably small m, but is unrealistic a priori (why should the distribution of fracture readiness drop discontinuously from a constant value to zero?).
It also disagrees with available data 7−9 on glass at low temperatures where its intrinsic strength appears to be acheived (as well as with all other data on brittle materials).
An exponential distribution is defined
Then
If f (α) is exponential then a useful estimate of N may be possible because w/α max should be measurable and is sensitive enough to N to constrain it significantly.
A power law distribution with p > 1 is defined
The power law exponent p equals the Weibull modulus m and is independent of N . If
is a power law then measurements of m provide no information about N . This is implausible (as well as disappointing) because the very large reported values of m would imply implausibly steep distributions of α.
A Gaussian distribution is defined
For this distribution α max and w are found by successive approximation. The result is
where N ′ ≡ N/π 1/2 and the simple approximation in the second line of Eq. 13 is usually accurate to better than 10%. P (α) is shown in Fig. 1 for several values of N of interest.
The stretched exponential function is defined
includes the simple exponential and Gaussian as special cases. The normalizing constant
It is evident that if f (α) is, or can be fitted to, a stretched exponential or to one of its special cases useful and plausible estimates of N ≈ exp(α max /(wν)) may be obtained. 
III SKEWNESS
A possible method of determining ν, and hence N , is to measure the skewness of P (α):
The skewness is not small; see Fig. 1 . It is also not readily estimated analytically because the Taylor expansion of P (α) about α max does not converge sufficiently rapidly, but it may be calculated numerically. Values of the skewness, as a function of ν and N , are shown in Fig. 2 .
The values plotted were computed using cutoffs on the integrals of ±5w from α max , with w defined self-consistently using the same cutoff. The reason for this is that P (α) has a long tail toward increasing α which contributes significantly to the skewness, but which is unlikely to be observed in a real experiment with a reasonable number of samples because there will probably be no samples that far out in the tail. The skewness computed without this cutoff is significantly larger, typically by O(10%).
When comparing experimental data to Fig. 2 a similar cutoff must be applied to the data. This will, in addition, exclude samples which are anomalously weak because of mechanical damage or other gross flaws, which otherwise must be excluded ad hoc. If the number of measurements is not large it may be necessary to choose a narrower cutoff, and to recompute Fig. 2 accordingly.
IV DISCUSSION
It is generally assumed that the observed strength of pristine glass fibers at low temperatures (and possibly also at higher temperatures in an inert environment) is the intrinsic strength of the material. However, this has not been proved, and may not be so. For example, the strength could be limited by the presence of trace impurities, in which case their reduction or elimination would increase the strength.
The actual intrinsic strength (or, equivalently, the limiting strain at failure) of fused silica is not accurately known. As discussed above, obtaining the intrinsic strength from two-point bending experiments 7−9 requires use of the nonlinear stress-strain relation, which is not known to the required strain level, in a three-dimensional elastostatic calculation.
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